Abstract The defluoridation of ground water is regarded as one of the key areas of attention among the universal water community. The present investigation deals with fluoride removal from aqueous solution by thermally activated biosorbents prepared from banana (Musa paradisiaca) peel and coffee (Coffea arabica) husk. Fluoride ion selective electrode was used for the determination and monitoring of fluoride ion concentration. Batch experiments were conducted to establish the optimal conditions like pH, dose of the adsorbent, and contact time. The optimum pH was found to be 2 for both the adsorbents, and the optimum dose was found to be 24 g/ 250 mL at 13 h contact time for banana peel and 18 g/250 mL at 3 h contact time for coffee husk. The concentrations determined in real water samples of flour factory, poultry, and Lake Hawassa sites were 12.54, 11.02, and 6.72 mg/L, respectively. The prepared biosorbents were applied on these water samples under optimized conditions and found to be effective with removal efficiency ranging from 80 to 84 %. In terms of time and adsorbent dose required, coffee husk was observed to be much better than banana peel. The adsorption process obeyed Langmuir adsorption model. From the kinetic perspective, the fluoride adsorption followed the pseudo second-order reaction kinetics.
Introduction
Water is one of the basic needs of life on earth. It may be contaminated by natural sources or by industrial effluents. One such contaminant is fluoride. It exists in different chemical forms in combination with other elements. It is distributed widely in nature, both in inanimate and living things (Abebe 2010) . Though fluoride is an essential constituent, depending on its level of fluoride in drinking water, it can be either beneficial or detrimental to human health (Alagumuthu et al. 2011) . When the concentration of fluoride in drinking water is above 1.5 mg/L, it results in dental, skeletal, and non-skeletal fluorosis due to its strong attraction by positively charged calcium ion in teeth and bones (Venkata Mohan et al. 2007; Shahid et al. 2008) . Ethiopia is one of the 23 countries in the world, where a significant number of its population suffers from the toxic effects of high levels of fluoride in drinking water. The toxic effect of excess amount of fluoride in the drinking water of several towns in the Ethiopian Rift Valley has been in evidence since the 1970s. This was due to the fact that the people in these areas were accustomed to drinking water that contains as much as 33 mg/L (Hassen 2007) . Hence, there is a need for the development of simple and cost-effective methods to remove the excess fluoride from the drinking water.
There are different methods for the removal of fluoride such as chemical treatment, membrane separation, electrolytic defluoridation, electrodialysis, membrane filtration, precipitation, nanofiltration, coagulation, electrocoagulation, chemical precipitation, reverse osmosis, and ion exchange. However, these techniques have certain disadvantages such as incomplete removal, complicated treatment process, high cost, high energy requirement and operational cost, use of chemicals, and generation of toxic sludge or other waste products that again require disposal (Dubey and Shiwani 2012; Aliabadi et al. 2012; Kumar et al. 2012) . Adsorption processes using natural adsorbents or agricultural waste products are becoming the new alternatives for the removal of fluoride from aqueous solution as they are cheap, simple, sludge-free, regenerable, environment friendly, involve small initial cost, and minimal chemical use (Saka et al. 2012; Zhu et al. 2012) .
In the literature, defluoridation was studied using different biosorbents such as Cynodon dactylon-based activated carbon (Alagumuthu et al. 2011) , thermally activated carbon prepared from neem (Azadirachta indica) and kikar (Acacia arabica) leaves (Kumar et al. 2008) , carbonaceous adsorbents such as wood charcoal or bone charcoal, coconut coir or animal bones (Sivasamy et al. 2001) , metal ions impregnated activated charcoal (Janardhana et al. 2006) , activated charcoal prepared from wheat husk-and alum-treated fly ash (Singh et al. 2000) , bone charcoal, peels of Citrus documana, Citrus medica, and Citrus aurantifolia fruits-based activated carbon (Chakrapani et al. 2010) , Moringa indica bark, chitin/cellulose composite (Jayapriya et al. 2011) , chitosan-coated silica (Vijaya and Krishnaiah 2009), corn cobs (Hemant et al. 2006) , rice husk (Waheed et al. 2009 ), tamarind seed and Moringa indica-based activated carbon (Murugan and Subramanian 2006; Karthikeyan and Ilango 2007) , and bone meal (Gao et al. 2009 ). So far, no report was found in the literature regarding utilization of banana peel and coffee husk for defluoridation. However, these materials are available aplenty in this region. Thus, in the present work, a study of fluoride removal efficiency and adsorption capacity of banana peel and coffee husk was undertaken. This research was performed at Dilla University, Ethiopia, during the academic year 2011-2012.
Materials and methods

Equipment and apparatus
Fluoride ion was measured by fluoride ion selective electrode (JENWAY). A pH/ISE meter (JENWAY, model 3520) equipped with fluoride selective electrode was employed. The pH was measured with pH/ion meter using pH glass electrode. The pH meter was calibrated by pH calibration buffers each time measurements were made.
Reagents
Analytical grade reagents NaF, NaOH, HCl, NaCl, CH 3 COOH (glacial), sodium citrate, EDTA, and concentrated H 2 SO 4 were used throughout the experiment.
Anhydrous sodium fluoride (0.221 g) was weighed and transferred into 1,000-mL volumetric flask. It was dissolved in double distilled water (fluoride free) and then diluted to 1 L. The resultant solution containing 100 mg/L of fluoride was considered as stock fluoride solution. Lower concentrations are prepared by diluting the stock solution.
The total ionic strength adjustment buffer (TISAB) was prepared following the procedure developed by Agarwal et al. (2003) . Accordingly 57 mL of glacial acetic acid, 58 g of NaCl, 7 g of sodium citrate, and 2 g of EDTA were added to 500 mL of double distilled water and allowed to dissolve, and then, the pH was adjusted to 5.3 with 6 M NaOH. Finally, the solution was adjusted up to 1,000 mL in a volumetric flask with double distilled water.
Preparation of adsorbents
Banana peel and coffee husk were collected from Gedeo zone, Ethiopia. The collected banana peels were washed with water to remove dust and other impurities and dried in the sun. About 100 g of crushed banana peels were kept in a muffle furnace for 1 h at 400°C, at which all of the materials were completely carbonized. The carbonized material was cooled, powdered, and kept in a beaker of 1,000-mL capacity, and 40 mL of concentrated sulfuric acid was gradually added to it by stirring the contents of the beaker continuously to ensure thorough mixing. The beaker was kept in an oven at 100°C for 5 h. The activated charcoal was then cooled and left overnight and then washed to remove all the acid and dried at 110°C for 2 h. Then, it was ground and sieved using standard sieves having a mesh size of 0.6 mm.
The collected coffee husk was first washed with water to remove dust and other impurities and then was treated with hot distilled water and dried at 100°C. After that 100 g of this was treated with 50 mL of concentrated H 2 SO 4 and carbonized at 150°C for 12 h. The adsorbent was dried and ground, then passed through standard sieves having a mesh size of 0.6 mm.
Method of fluoride quantification
Five standard solutions were prepared from the stock solution in the range of 5-25 mg/L by serial dilution. Calibration graph was plotted as potential versus the logarithm of concentration of fluoride ion. The slope and intercept were used to convert the experimentally obtained potential into concentration of fluoride. The correlation coefficient for the calibration graph obtained was 0.9999, which shows excellent correlation between the concentration of the fluoride and potential obtained in the experiment.
The liquid-phase fluoride concentration was measured by taking equal volumes (10 mL) of sample or standards and total ionic strength adjustment buffer (TISAB) in a 50-mL plastic beaker, and the mixture was stirred uniformly (at stirrer speed of level 3 for 1 min) using magnetic stirrer. The same amount of sample was used throughout the experiment.
Preliminary test
Before conducting optimization experiment, preliminary test was carried out on adsorption performance of the adsorbents used. For this purpose, 250 mL of 15 mg/L of fluoride standard solution was transferred to two different 500-mL Erlenmeyer flasks into which 10 g of each adsorbent was added. Then, the samples were shaken at speed of 200 rpm. A filtrate of 10 mL was withdrawn at different times (0.5, 1, 3, 5, 7, 9, 11, 13, 15, 17 , and 24 h), and residual fluoride concentration was determined.
Adsorption study
All batch experiments were conducted using 250 mL of aqueous solution containing known fluoride concentration to which a weighed amount of banana peel or coffee husk was added. This solution is then stirred continuously at room temperature to achieve equilibrium. A sample was periodically taken out from each flask and filtered through a Whatman No. 1 filter paper before fluoride analysis. All the adsorption studies were performed in triplicate, and average values were used to plot the graphs. The adsorption efficiency (%) and the defluoridation capacity (mg F -adsorbed/g of adsorbent) at a given contact time for the selected adsorbents were determined using the Eqs. 1 and 2 (Vijaya and Krishnaiah 2009; Solangi et al. 2009 ).
where C 0 is initial fluoride concentration, C t is residual fluoride concentration at time t, m is mass of the adsorbent, and V is volume of the solution used in the batch.
Optimization of different parameters
Optimization is carried out to make some parameters function at their best by varying one parameter while keeping other parameters constant. The effect of major parameters like adsorbent dose, contact time, pH, and initial fluoride concentration were optimized.
Effect of adsorbent dosage and contact time
Experimental investigations were carried at different dosages of adsorbent ranging from 9 to 24 g/250 mL of fluoride solution with 10 mg/L initial fluoride concentration at different contact times. The dosage range and initial fluoride concentration were selected based on the preliminary test results.
Effect of pH
To study the influence of solution pH on fluoride removal, the test solutions containing 10 mg/L of fluoride were adjusted to pH values of 2, 3, 4, 5, 6, 7, 8, 9 , and 10 using 1 N HCl and 1 N NaOH. Then, 24 g of pretreated banana peel was added to the test solutions separately and shaken for 13 h. Residual fluoride ion concentration was analyzed in each experiment. In the case of the adsorbent prepared from coffee husk, the pH of the solution was adjusted to the same pH values in a similar way. Then, 18 g of pretreated coffee husk was added to test solution. The mixtures were shaken for 3 h, and residual fluoride ion concentrations were analyzed.
Effect of initial fluoride concentration
To investigate the effect of initial fluoride concentration, experiments were conducted at various fluoride concentrations (5, 10, 15, 20 mg/L) keeping adsorbent dose and contact time fixed at 24 g and 13 h and 18 g and 3 h for banana peel and coffee husk, respectively.
Real water samples
The real water samples having higher concentrations of fluoride were collected in consultation with water resource development authority office at Hawassa city, Ethiopia. Accordingly ground water samples were collected from Hawassa Flour Factory and Poultry using convenience sampling method. The surface water samples were collected from Lake Hawassa using composite sampling technique. Water samples were collected in cleaned (using deionized water) 5-L plastic bottles. The efficiency of each adsorbent was tested under optimized conditions.
Experiments for adsorption isotherms
Adsorption isotherms were determined using treated adsorbents at room temperature. Data for plotting isotherm were obtained by mixing a constant fluoride ion concentration of 25 mg/L with a series of increasing adsorbent dosages (9, 12, 15, 18, 21 , and 24 g). The mixture was agitated for 24 h to ensure the equilibrium, and residual fluoride was determined after filtration. Based on the data generated, adsorption isotherms were plotted.
Adsorption kinetics for fluoride removal Adsorption kinetics were determined using constant surface loading of 5, 10, and 20 g corresponding to the initial fluoride concentration of 10, 20, and 40 mg/L, respectively. Residual fluoride concentrations were measured at different time intervals of 0.5, 1, 3, 5, 7, 9, 11, 13, 15, 17, and 24 h by taking 10 mL of samples periodically.
Results and discussion
Preliminary test
It is observed that different adsorbents have different adsorption efficiencies for the same initial fluoride concentration under similar conditions. In the case of adsorbent prepared from banana peel, the removal efficiency was 55 % after 3 h of contact time. Using coffee husk, removal efficiency of 52 % was observed within 0.5 h of contact time while banana peel showed 34 % efficiency for the same duration. Therefore, from the preliminary test, one can see that both the adsorbents have a potential for adsorption of fluoride ion, but the contact times for a certain percentage removal were quiet different. Based on these, optimizations of important parameters were carried out to further improve the removal efficiency. The results of the optimization are presented in the subsequent sections.
Adsorbent dose and contact time
As can be seen in Fig. 1 , the residual fluoride concentration decreases as the contact time increases for both the adsorbents. More than 50 % of initial fluoride concentration was removed in the first half an hour for all the doses (9-24 g) in the case of treated banana peel (Fig. 1a) . The rate of removal of fluoride becomes slow after 0.5 h. This is because initially all the active sites were free as a result the removal efficiency was fast, and subsequently, it decreases with increasing contact time due to the saturation of the active sites. But with the increase in adsorbent dose, the rate of removal also increased because of availability of additional active sites. In order to bring the fluoride concentration into the permissible limit of 0.5-1.5 mg/L in water, a contact time of 13 h and a minimum dose of 24 g are required. This combination of contact time and adsorbent dose enables 85 % of fluoride removal. In the case of coffee husk, 80 % of the initial fluoride concentration was removed within half an hour with a dose of 18 g (Fig. 1b) . The fluoride concentration became lower than the permissible level after a contact time of 3 h. Therefore, the contact time of 3 h and 18 g of dose were taken as optimal conditions for the removal of fluoride. Similar observations were made by activated charcoal (Tembhurkar and Dongre 2006) and leaves of neem (A. indica), pipal (Ficus religiosa), and khair (Acacia catechu willd) (Jamode et al. 2004) . The response of adsorbent dose (banana peel) at a fixed fluoride concentration of 10 mg/L and contact time of 13 h is presented in Fig. 2 . The result indicates that the removal efficiency significantly increased with dosage. The increase in fluoride adsorption efficiency was due to the large number of available fluoride binding sites resulting from the increased adsorbent dose. On the other hand, the adsorption capacity decreases with increasing dose. To maintain maximum capacity and high removal efficiency, the surface loading (i.e., the mass ratio of fluoride to adsorbent dose) should be lower than the optimum value. The surface loading for optimum fluoride removal is less than or equal to 0.1042 mg/g. A dose of 24 g corresponding to the capacity of 0.0889 mg/g of adsorbent was considered for further adsorption studies (Fig. 2) . Thermally treated coffee husk also showed the same pattern as treated banana (Fig. 2) . But, the surface loading for optimum fluoride removal was less than or equal to 0.13889 mg/g. A dose of 18 g corresponding to the capacity of 0.1190 mg/g of adsorbent was considered for adsorption experiments on real water samples. This result is in agreement with the result obtained for the fluoride removal using manganese oxide-modified aluminum oxide hydroxide as an adsorbent (Alemu 2009 ). The only difference observed between the two adsorbents was that coffee husk brings the fluoride concentration to the permissible level with in 3 h of contact time for a dosage of 18 g, whereas banana peel brings the fluoride concentration to the permissible level only after 13 h with a dose of 24 g. From this, it is inferred that the coffee husk acts as a better adsorbent than banana peel.
Effect of pH
The pH of the medium is one of the important parameters which significantly affects the fluoride adsorption. As can be seen in Fig. 3 , the removal of fluoride decreases with increasing pH of the solution. The same trend has been observed for both the adsorbents at their corresponding optimized conditions of adsorbent dose and contact times. In the acidic medium, the surface of the adsorbent is highly protonated, and hence, more fluoride ions can be attracted toward the surface. That is, higher fluoride sorption rate in acidic medium is attributed to strong coulombic force of attraction between positively charged surface and negatively charged fluoride ion. The repulsion between negatively charged surface (deprotonated) and fluoride ions leads to comparatively low fluoride adsorption in alkaline medium. Similar mechanism for the effect of pH on fluoride adsorption has been indicated in the literature (Mondal et al. 2012; Goswami and Purkait 2013; Chen et al. 2010b; Biswas et al. 2012 ). Thus, a pH of 2, which gives maximum fluoride removal, was taken as an optimal pH for application to real water samples.
Effect of initial concentration
As shown in Fig. 4 , the removal efficiency of both adsorbents decreases with increase in initial fluoride concentration. It can be observed that there is significant fluoride removal efficiency ([85 %) when the initial fluoride concentration was less than or equal to 10 mg/L. Then, it declined sharply from 89 to 83 % and 86 to 77 %, when the concentrations were increased from 5 to 20 mg/L for banana peel and coffee husk, respectively. Higher removal efficiencies at lower initial fluoride concentrations are due to higher ratio of active surface area to total fluoride ions, which leads to the utilization of more accessible energetically active sites on the adsorbent surface. The reason for sharp decrease of removal efficiency with the increase in initial fluoride concentration is lack of sufficient surface area to accommodate more fluoride ions available in the solution (Abdullah and Prasad 2009) . Thus, the initial fluoride concentration has an influence on sorption. Hence, it is necessary to determine initial fluoride concentration before attempting removal. The required adsorbent dosage, contact time, and pH to bring fluoride concentration to permissible level depend on initial fluoride concentration of the sample. If the fluoride concentration in the real water sample is high, then the dosage as well as contact time required to bring the fluoride concentration to permissible level will also be high.
Application to real water samples
Fluoride removal efficiency of the adsorbents prepared from banana peel and coffee husk has been tested on real water samples under optimized conditions for each adsorbent. The concentrations of fluoride in all the water samples collected are observed to be higher than the permissible level. The concentration of fluoride in the water sample of Lake Hawassa is 6.7155 mg/L, and this concentration was reduced to 1.1678 and 1.1442 mg/L after the treatment with the adsorbents prepared from banana peel and coffee husk, respectively. The concentrations after the treatment are within the permissible limits set by WHO for drinking water. The fluoride concentrations in the ground water samples collected from Hawassa poultry and flour factory were reduced to lower concentrations but not to the permissible limits of WHO. For treating water of such high fluoride concentration, tandem defluoridation with fresh adsorbent might be effective to bring down the concentration to the safe limits. From the results presented in Table 1 , it is concluded that both the adsorbents studied are having good potential to remove the fluoride present in water.
Adsorption isotherms
Freundlich and Langmuir isotherms are useful models for the description of adsorption process by different adsorbents. The Freundlich model refers to surface heterogeneity of the adsorbent, whereas the Langmuir model assumes uniform energies of adsorption onto the surface and no transmigration of the adsorbate in the plane of the surface. The Eqs. 3 and 4 are linear forms of Freundlich and Langmuir isotherm equations, respectively.
where q e is the amount of fluoride ion adsorbed per unit mass of adsorbent, mg/g; C e is the equilibrium adsorbate concentration in solution, mg/L; K F and n are Freundlich constants indicative of adsorption capacity (mg/g) and adsorption intensity, respectively; q m and K a are Langmuir constants representing adsorption capacity and binding strength, respectively. The adsorption intensity (n) values between 1 and 10 indicate the favorable adsorption (Solangi et al. 2009 ). The essential characteristics of Langmuir isotherm can be expressed in terms of a dimensionless constant, separation factor or equilibrium parameter R L which is defined by the Eq. 5.
where C o is the initial fluoride concentration, mg/L, and b is the Langmuir constant, l/mg. The R L value indicates the type of isotherm to be irreversible (
, and unfavorable (R L [ 1) (Chen et al. 2010a) . From the experimental, data the Freundlich constants were obtained by plotting log q e versus log C e . The calculated isotherm parameters (n, K F ) and the correlation coefficients are given in Table 2 . As can be seen in the table, the values of n lie between 1 and 10, indicating Freundlich favorable sorption due to increase in the bond Table 1 Fluoride removal from the real water samples using the adsorbents prepared from banana peel and coffee husk at optimized conditions energies with the increase in the surface density. Thus, it can be concluded that the sorption data manifest heterogeneity of the adsorbent surface (Jamode et al. 2004; Waheed et al. 2009; Alagumuthu et al. 2010) . Similarly, the Langmuir constants q m and K a (Table 2 ) were determined from the slope and intercept of linear plot of C e /q e versus C e (Jamode et al. 2004; Chen et al. 2010a ). The R L values for the treated banana peel and coffee husk are 0.0858 and 0.0482, respectively, which implies that the adsorption of fluoride on the adsorbents under the experimental condition is favorable. The correlation coefficient values of 0.9987 and 0.9983 for the adsorbents indicate that the data comply more to the Langmuir model than it is with Freundlich (0.9734 and 0.9934). This result is in agreement with the results obtained with powdered activated charcoal (Tembhurkar and Dongre 2006) , clay (Hamdi and Srasra 2007) and A. indica (Neem) and F. Religiosa (Pipal) (Tembhurkar and Dongre 2009) as an adsorbent.
Adsorption kinetics
The kinetics analysis of the adsorption data has been done based on reaction kinetics of pseudo first-order and pseudo second-order mechanisms. The equations for pseudo first order and pseudo second order are, respectively, log q e À q t ð Þ¼log q e À k 1 t ð6Þ
where q e and q t are the amount of fluoride adsorbed (mg/g) at equilibrium and at any time t; k 1 and k 2 are equilibrium rate constant of first (min -1 ) and second order (g mg
), respectively; t is the contact time, (h). The rate constants k 1 and k 2 are calculated according to the linear plots of log (q e -q t ) versus t (Fig. 5) and t/q t against t (Fig. 6) , respectively. A larger adsorption rate constant k 1 usually represents a quicker adsorption rate. Larger the k 2 values slower the rate of adsorption. The correlation coefficients for the plot of pseudo first order are less than those of pseudo second-order reaction (Tables 3,  4) . This indicates that kinetic data for adsorption of fluoride by the adsorbent prepared from banana peel and coffee husk are better fitted to pseudo second-order rate equation than to pseudo first-order rate equation. The values of pseudo first-order rate constant (k 1 ) for each adsorbent are not close to each other compared to those of pseudo second-order rate constant (k 2 ). Moreover, the rate constants for the three initial fluoride concentration of each adsorbent are closer to each other in the case of pseudo second-order reaction. Therefore, it is concluded that the adsorption of fluoride by these adsorbents follows the pseudo secondorder reaction kinetics. This result is in agreement with the results obtained for the defluoridation using chitosancoated silica (Vijaya and Krishnaiah 2009) , clay (Hassen 2007) , nanoscale aluminum oxide hydroxide (Adeno 2010) and peels of C. documana, C. medica, and C. aurantifolia fruits-based activated carbon (Chakrapani et al. 2010) as an adsorbent.
Comparison with other adsorbents
In order to investigate the kinetics process such as the mechanism of adsorption and potential rate controlling steps, basically the order of process has to be studied. Like most of the adsorbents studied previously such as activated silica gel and rice husk ash (Mondal et al. 2012) , Schwertmannite (Goswami and Purkait 2013) and synthetic hydrous aluminum oxide (Biswas et al. 2012) , the banana peel and coffee husk studied in the present work also obeyed Langmuir adsorption isotherm with pseudo secondorder kinetics. Thus, fluoride adsorption followed chemisorptions rather than physical adsorption with uniform monolayer coverage without transmigration of the adsorbate (F -) (Tor et al. 2009 ). Direct comparison of the performance of these adsorbents with other adsorbent materials might be difficult, owing to the different experimental conditions under which they were applied. Nevertheless, the performance can at least be compared based on their maximum adsorption capacity (q e ). The q e values depend on the initial concentration of the fluoride ions. There is a tendency of increment in q e as initial concentration increases. The observed q e for banana peel and coffee husk, at initial concentration of 10 mg/L of fluoride was 0.3123 and 0.2946 mg/g, respectively. This is comparable to the q e value of activated rice husk ash (0.426 mg/g) and activated silica gel (0.308 mg/g) at initial concentration of 15 mg/L of fluoride (Mondal et al. 2012) .
Conclusion
The present study shows that thermally treated adsorbents prepared from coffee husk and banana peel are suitable for the removal of fluoride ions. The operational parameters such as adsorbent dose, contact time, pH, and initial fluoride concentration were found to have an effect on the adsorption efficiency. At the optimum operation conditions, the adsorbents prepared from banana peel and coffee husk exhibited highest fluoride removal efficiency of 85 and 86 %, respectively, for 10 mg/L of initial fluoride concentration. Application to the real water sample also resulted in removal efficiency ranging from 80 to 84 %. In terms of time and adsorbent dose required, coffee husk was observed to be much effective than banana peel. The process of adsorption follows Langmuir adsorption isotherm and pseudo second-order rate equation in both cases.
